Since the invention of the laser, it became clear that the statistical properties of light may be quite different from the ones of the ''classical'' sources ͓1͔. Considerable theoretical and experimental efforts have been devoted since then to the production and characterization of ''nonclassical'' states of light, such as antibunched, sub-Poissonian ͓2͔ or squeezed ͓3͔ states.
For a single-mode field, the statistical properties of light are vividly displayed by quasi-probability distributions in the two-dimensional phase space. Its axes correspond to the real and imaginary parts of the dimensionless complex field amplitude ␣. Among these distributions, the Wigner function W(␣) ͓4͔ has been particularly studied. It is well-suited for the calculation of the expectation values of field operators expressed in the symmetrical ordering ͓5͔. The noncommutation of the photon annihilation and creation operators â and â † , which reveals the quantum nature of the light field, implies that W, which is real and bounded, may be negative, in contrast to a classical probability distribution. Proper choice of normalization ͓6͔ leads to Ϫ2рWр2.
For coherent states, thermal fields and even squeezed states, W is positive. It thus behaves as a classical probability distribution. For coherent fields, W is a Gaussian of width 1, with a maximum value of 2. In particular, Fig. 1͑a͒ shows the Wigner function W 0 for the vacuum ͉0͘. For a thermal field, W is also a Gaussian with a larger width and a reduced peak value. Finally, for a squeezed state, W is a Gaussian with different widths along two orthogonal directions.
The observation of negative values of W can thus be considered as a severe test of the nonclassical nature of a singlemode light field. Such negative values are expected for instance, for the Fock states ͉n͘ ͑with nϾ0). Figure 1͑b͒ presents the Wigner function W 1 for the single-photon Fock state ͉1͘. It exhibits a dip at the origin, with a minimum value of Ϫ2. Negative values for W are also expected for quantum superpositions of two coherent fields, the so-called ''Schrödinger cat states'' ͓7,8͔. An experimental measurement of negative W values for these highly nonclassical states and of their evolution under field relaxation would give an extremely useful insight into the phenomenon of decoherence.
Optical quantum tomography ͓9͔ makes it possible to measure W. The field to be measured beats with a local oscillator in a homodyne arrangement. Equation ͑2͒ has led to several proposals to measure W by photon counting ͓11͔. Another recent proposal for measuring W for a cavity mode was based on Eq. ͑1͒. It uses as probes two-level atoms interacting dispersively with the field ͓12͔. The dispersive interaction leads to a phase shift of the atomic wave function proportional to the photon number. This shift can be revealed by a Ramsey atomic interferometer ͓13͔. Under proper conditions, the final state of the atom then measures the field parity while the injection of a coherent field with complex amplitude ␣, before the atom-cavity interaction, performs the required displacement. This scheme should thus lead to the direct measurement of W(␣). It does not involve an inversion algorithm and should be much less sensitive to experimental errors than the tomographic techniques.
The Wigner function corresponding to the nϭ1 Fock state for the center-of-mass motion of a trapped ion was measured at NIST ͓14͔, displaying clearly the negative region around the origin. Up to now, however, no similar measurement has ever been performed for electromagnetic fields. We report here a direct measurement of W 1 (0) and W 0 (0), the Wigner functions for the vacuum and for a single-photon field at the origin of phase space. The heart of our method is the absorption-free detection of a single-photon stored in a microwave cavity ͓15͔. We first use a ''source'' atom to prepare a one-photon field ͓16͔. A ''meter'' atom then measures the field parity and hence the Wigner function at the origin. A ''probe'' atom finally checks the cavity state at the end of the experiment. This third atom allows us to reject most errors due to cavity relaxation. The principle of this three-atom experiment is quite comparable to our recent preparation of a two-atom plus cavity entangled state ͑the cavity state being later read out by a third atom͒ ͓17͔. The operating conditions of the present experiment are, however, different being optimized to improve the fidelity of the Wigner function determination.
Let us recall the principle of the single-photon detection. Figure 2 presents the scheme of the experiment, with the relevant atomic states in the inset. The meter atom is initially prepared in level g. A first /2 microwave pulse R 1 , resonant with the g⇒i transition, then prepares the superposition (͉g͘ϩ͉i͘)/ͱ2 and the meter interacts with the cavity C, resonant with the g⇒e transition. When C contains no photon, or when the meter is in state i, the meter's state is unaffected. When C contains one photon, the meter in level g undergoes a quantum Rabi nutation between g and e. The atom-cavity interaction time is adjusted for a 2 rotation. The ͉g,1͘ state is thus transformed into Ϫ͉g,1͘. The photon is left in C and the atomic superposition becomes (Ϫ͉g͘ ϩ͉i͘)/ͱ2. The meter states ͉g͘ and ͉i͘ are then mixed again by another /2 pulse R 2 , which realizes, together with R 1 , a Ramsey interferometer ͓13͔. The phase of R 2 is set so that it performs the transformations (͉g͘Ϫ͉i͘)/ͱ2→͉g͘ and (͉g͘ ϩ͉i͘)/ͱ2→͉i͘. The final meter state is thus i ͑g͒ when the photon number is 0 ͑1͒.
Provided the cavity field state is in the ͕͉0͘,͉1͖͘ subspace, the difference P i Ϫ P g of the probabilities for detecting the atom in i or g is equal to the mean value of P , i.e., half the Wigner function at origin:
Let us stress that this method only applies in the ͕͉0͘,͉1͖͘
subspace. For larger fields, the 2 Rabi pulse condition is not enforced for all photon numbers and the atomic state is not simply related to P . Thus, W cannot be measured at points different from the origin, since the required field displacement would take it outside this subspace. Note, however, that a proposed tomographic method to reconstruct ͓18͔ uses a displacement of the cavity field followed by a resonant atom-field interaction. The experimental setup is similar to the one used in previous studies ͓8,15-17,19-21͔. Levels e, g and i are the rubidium circular Rydberg states with principal quantum numbers 51, 50, and 49, respectively. Three velocity-selected atomic samples, corresponding to the source, meter and probe, are excited into the circular state in box B from an atomic beam effusing from oven O. Each of them contains much less than one atom on the average, so that two-atom events for a single sample are negligible. The cavity C is made of two spherical niobium mirrors in a Fabry-Perot configuration. It sustains a Gaussian mode ͑waist wϭ6 mm) resonant with the e⇒g transition ͑51.1 GHz͒. The singlephoton Rabi frequency at cavity center is ⍀/2ϭ47 kHz ͓19͔. The atomic velocity is Vϭ503(Ϯ2.5) ms Ϫ1 , corresponding to an effective interaction time t i ϭͱw/V such that ⍀t i ϭ2. The mirrors are surrounded by a cylindrical ring with 3-mm holes for atom access. This ring reduces photon losses and increases the photon decay time up to 1 ms. A small electric field is applied across the mirrors. It is used to Stark tune the atomic frequency in or out of resonance with C. Hence, the atom-cavity interaction time can thus be reduced to any fraction of t i . The 54.3-GHz Ramsey pulses R 1 and R 2 , resonant with the g⇒i transition, are applied to the atoms inside the cavity structure. The final states of the atoms are analyzed in the field-ionization detector D.
We have performed the experiment with the ͉0͘ and ͉1͘ states. We first get rid of a 0.7 photon thermal field by a cooling procedure described in ͓15͔. The residual photon number is less than 0.1. The initial field state is then produced by the source atom, which is prepared in e. It enters C 75 s after the end of the cooling sequence and undergoes a /2 spontaneous emission pulse in it. Either it is detected in e ͑50% of the cases͒, leaving C empty, or in g, preparing a single photon. In this way, the Wigner functions for the ͉0͘ and ͉1͘ states are recorded simultaneously. The meter, performing the single-photon detection, and probe are sent 100 s and 175 s after the source. Note that, with this timing, chosen to optimize the parity operator determination fidelity, the source is detected in D even before the probe enters C. The probe is prepared in g. It undergoes a Rabi rotation in the field of one photon. Hence, ideally, it is detected in g if C is empty and in e if C contains one photon. When the detected states of the source and probe agree ͑ei-ther (e 1 g 3 ) or (g 1 e 3 ), where the indices refer to the order of the atoms in the experiment͒, the field state has not been affected by cavity relaxation during the experimental sequence. In other words, the detection of the probe performs a ''post-selection'' of the field state experienced by the meter. Figure 3 presents the observed atomic correlations. The hatched histograms give the probabilities for detecting the source and probe in the four possible channels when no meter atom is sent. One thousand two-atom coincidences have been recorded in about twenty minutes. Ideally, channels g 1 e 3 and e 1 g 3 should have identical 0.5 probabilities. The populations of the other channels (g 1 g 3 and e 1 e 3 ) mainly originate from cavity relaxation. Photon decay populates g 1 g 3 from g 1 e 3 ͑the probability of a decay between the source and the probe is 16%͒. The appearance of a thermal photon accounts in part for the population of the channel e 1 e 3 ͑the corresponding probability is 13%͒. Other imperfections also contribute ͑thermal photon already present in C before the source, two-atom events in one sample, detectors imperfections, etc.͒.
The results obtained when the meter is sent through C are displayed by the black and white histograms. About 1000 three-atom coincidences have been recorded in two hours. These histograms give the probabilities for the eight possible outcomes. The two bars corresponding to a given configuration of the source and probe are stacked. Each white bar corresponds to a meter detected in g 2 , while the black ones correspond to a detection in i 2 .
We observe that, within statistical errors ͑depicted by the error bars in Fig. 3͒ , the stacked black and white boxes have the same height as the corresponding hatched one. Hence, the meter does not alter the detection probabilities for the source and the probe and thus leaves the photon number unchanged ͓15͔. For the g 1 e 3 case ͑1 photon in C), the meter is detected mainly in g 2 , in agreement with the settings of the Ramsey pulses ͑see above͒. Alternatively, it is detected most often in i 2 in the e 1 g 3 case ͑empty cavity͒. The spurious channels mainly correspond to the absorption (g 1 g 3 ) or to the creation (e 1 e 3 ) of a photon. This occurs with equal probabilities before or after the meter has crossed C. In these cases, the meter is detected with almost equal probabilities in g 2 or i 2 .
The relevant conditional probabilities are easily computed. The probability for detecting the meter in g 2 provided the cavity contains one photon (g 1 e 3 case͒ is P(g 2 ͉g 1 e 3 ) ϭ0.83(4). In a similar way, the probability for detecting the meter in g 2 in the empty cavity case (e 1 g 3 case͒ is found to be P(g 2 ͉e 1 g 3 )ϭ0.22(3). These figures are consistent with the 20% error rate of the single-photon absorption-free detection reported in ͓15͔. From Eq. ͑3͒, we infer the values of W(0) in the zero and one photon cases:
Histograms giving the detection probabilities ͑about 1000 coincidences detected͒. Hatched bars: detection probabilities for the four possible output channels for the source and probe atom when no meter atom is sent through C. Black and white bars: detection probabilities for the source and probe conditioned to the state of the meter atom (i 2 and g 2 respectively͒. The error bars are statistical.
Even though the Ϯ2 theoretical values are not reached due to the finite ͑60%͒ contrast of our Ramsey interferometer, the negativity of the Wigner function of a single-photon field at the origin of phase space is clearly demonstrated.
The efficiency of the error rejection provided by the probe atom can be estimated. If we discard the probe information, we get for the relevant conditional probabilities P(g 2 ͉g 1 ) ϭ0.71(4) for the one-photon case and P(g 2 ͉e 1 )ϭ0.27(3) for the vacuum case, leading to the values W 0 (0) ϭ0.88(16) and W 1 (0)ϭϪ0.87(12). A very similar figure can be deduced from the data presented in ͓15͔. The quality of the Wigner function determination is thus considerably improved by the probe atom detection.
In conclusion, we have shown that the absorption-free detection of a single photon in a cavity leads to the first measurement of a negative value for the Wigner function of an electromagnetic field. Further efforts are now being made in order to measure the Wigner function over the complete phase space. This requires a dispersive interaction ͓12͔ between the meter and C. The atomic wave function phase shift for a single photon in the dispersive regime could be reached in the present setup. In this case, the parity operator could be measured for fields containing up to a few photons, allowing for the complete determination of the Wigner function. Of particular interest would be the measurement of the Wigner function for a relaxing ''Schrödinger cat'' state ͓8͔. 
